The production of immunoglobulin A (IgA) in mammals exceeds all other isotypes, and it is mostly exported across mucous membranes. The discovery of IgA and the realization that it dominates humoral mucosal immunity, in contrast to the IgG dominance of the systemic immune system, was early evidence for the distinct nature of mucosal immunology. It is now clear that IgA can function in high-affinity modes for neutralization of toxins and pathogenic microbes, and as a low-affinity system to contain the dense commensal microbiota within the intestinal lumen. The basic map of induction of IgA B cells in the Peyer ' s patches, which then circulate through the lymph and bloodstream to seed the mucosa with precursors of plasma cells that produce dimeric IgA for export through the intestinal epithelium, has been known for more than 30 years. In this review, we discuss the mechanisms underlying selective IgA induction of mucosal B cells for IgA production and the immune geography of their homing characteristics. We also review the functionality of secretory IgA directed against both commensal organisms and pathogens.
INTRODUCTION

Historical aspects of IgA and the mucosal immune system
It is very appropriate that there should be a review of immunoglobulin A (IgA) in this first issue of Mucosal Immunology . We can justify our discipline (and our journal) on the distinct features of immunity at mucosal surfaces, and classical studies of the IgA isotype yielded some of the first evidence for this.
The A class of immunoglobulins was discovered by Gugler, Heremans, and co-workers from the observations that not all myeloma proteins were accounted for by the 7S (low carbohydrate content) and the 16S (high carbohydrate) classes. Subsequently, an antigenically distinct immunoglobulin with a high carbohydrate content named A (or later IgA) that migrates in the -globulin region after electrophoresis was characterized. 1, 2 This isotype was subsequently shown to be predominant in exocrine secretions. 3, 4 More than eight models were proposed in the late 1960s and early 1970s to explain how IgA selectively could reach the secretions. One of us suggested in 1974 that the epithelial glycoprotein identified by Tomasi et al. 5 as part of secretory IgA (SIgA) and later on named secretory component (SC) by WHO could act as a membrane receptor for dimeric IgA and pentameric IgM on secretory epithelium. 6 This model formed the basis for a common epithelial transport mechanism to generate SIgA and SIgM, in which SC and the joining (J) chain of polymeric Ig (pIgs) constituted " key and lock " molecules. 7 This model is now generally accepted (see the section Selective epithelial export of locally produced IgA and IgM) and membrane SC has been termed pIg receptor (pIgR).
Studies that compared humoral immunity at mucosal surfaces with serum immune responses had repeatedly shown a separation between secretory and systemic immune responses (see Table 1 ; also reviewed in ref. 8) . In general, immunization or infection at mucous membranes resulted in high titer of protective antibodies at the mucosal site with absent or low titers in serum, whereas the reverse occurred with parenteral immunization. In retrospect, not all the locally induced antibodies detected in these studies would have been of the IgA class, but the facts of (i) a distinct mucosal immune response at mucosal surfaces and (ii) a distinct Ig isotype that dominated mucosal antibodies constituted strong evidence for a local immune system structurally and functionally distinct from the systemic compartment.
We now know that although IgA is a relatively small component of serum antibodies, the abundance of IgA-secreting cells in normal mucosae means that this isotype actually comprises
The immune geography of IgA induction and function REVIEW at least 70 % of all Ig produced in mammals. Most T cells are also found at mucosal surfaces.
IgA induction by commensal intestinal microbes
This dominance of IgA production in the intestinal mucosa depends on colonization with environmental microbes. While microbes in soils, subsurfaces, and oceans of the earth generally reach a density of р 10 8 organisms per g, the mammalian lower intestine is an extraordinarily good habitat where bacteria achieve densities of up to 10 12 organisms per g contents. 9 One of the most dramatic and first discovered adaptations of the host to the presence of these microbes was the fact that mucosal IgA-secreting cells are drastically reduced in germ-free animals, and are virtually absent in neonates before they have been colonized with a commensal microflora. 10 -12 Although intestinal IgA is clearly induced by the presence of commensal intestinal microbes, the function of the IgA response in maintaining mutualism between host and microbe is far less clear. Particularly intriguing is the fact that selective IgA deficiency is a common immunodeficiency with a generally mild phenotype. 13 These functional aspects are discussed further in the section Function of IgA in different systems of this review.
IgA neutralization of pathogens and exotoxins
The other important set of classical observations showed that IgA can act as a neutralizing antibody to pathogens and exotoxins. For example, cholera toxin has been very widely used as a model immunogen for in vivo IgA induction, and SIgA can protect from toxin-induced fluid accumulation in a ligated intestinal loop model. 14 Usually the formal affinities for toxin and pathogen-protective effects are unknown, but comparisons with neutralizing antibodies of other classes suggest that these antibodies probably work at 10 − 9 / M or better. 15 In some cases, the neutralization effect occurs during transport of IgA through the epithelial cell layer, 16, 17 and the mechanisms and affinities here may be different. The general principle is that IgA appears to function across a spectrum of near innate immune responses, as described in the section IgA induction by commensal intestinal microbes, and highly adaptive responses as evidenced by the functional neutralization of pathogenic molecules and microbes.
IgA CLASS SWITCH RECOMBINATION WITHIN AND OUTSIDE THE INTESTINAL MUCOSA
In most mammals, a single gene encodes the heavy chain (CH ) domains at the 3 Ј end of the constant Ig heavy chain locus. In humans and higher primates, however, there has been a duplication of the ; region, resulting in two functional CH gene loci, encoding the IgA1 and IgA2 subclasses. The predominant difference between these two isotypes lies in the hinge region. Human IgA2 is more resistant to proteases because of a 13-amino acid deletion in the hinge region that removes the recognition site for IgA1-specific proteases. IgA2-producing plasma cells are enriched at secretory effector sites and dominate in the distal gut, 18 whereas IgA1 is the main IgA subclass produced by the systemic immune system. Lagomorphs, such as rabbits, have multiple duplications of the CH gene, resulting in 13 IgA isotypes. Generally, mammalian loci have three exons corresponding to the constant heavy chain domains, with the region coding the 18-amino-acid extension of the secreted form at the 3 Ј end of the third exon (called the secretory tailpiece) and another short exon coding the transmembrane segment and cytoplasmic tail ( Figure 1a ). The tailpieces of IgA and IgM heavy chains allow selective combination of these isotypes with the J chain (see the section Selective epithelial export of locally produced IgA and IgM).
A model of the three-dimensional structure of monomeric IgA2 is depicted in Figure 1b , showing the wide separation of the two antigen-binding fragments at the top. This unique characteristic of IgA probably provides this isotype with better binding properties in the face of large antigens such as bacteria.
Class switch recombination (CSR) to IgA occurs following transcription from the intronic (I ) promoter 5 Ј of the locus, 19 and requires the activation-induced cytidine deaminase 20 ( Figure 1c ). The circular spliced segment is usually from the region between the switch segments upstream of the and loci, although trans splicing between different chromosomes is also possible. 21 In general, CSR has been found to require two signals. The first is through cytokines, which activate transcription of the promoters upstream of the CH exons and the switch region preceding them. The second is delivered by ligation of CD40 on B cells with its ligand CD40L on T cells. However, in mice and humans deficient in CD40L or CD40, IgA production is not abrogated. 22, 23 The major cytokine signal for -CSR is transforming growth factor (TGF) with contributions from interleukin (IL)-2, IL-4, IL-5, IL-6, and IL-10, as initially demonstrated by studying IgA production in nonspecifically stimulated B-cell cultures 24 (reviewed in ref. 25) . Evidence for the role of TGF in vivo comes from an almost complete absence of IgA in mice deficient for the TGF receptor T RII. 26 Mice deficient for the TGF SMAD7 negative regulator have increased CSR to IgA but reduced proliferation to LPS, 27 whereas mice deficient for the positive signal SMAD2 have no IgA. 28 IL-4-deficient mice have normal total IgA levels, but an impaired specific response to mucosal immunization with cholera toxin, 29 while IL-6-deficient mice have defective IgA responses in some systems. 30 -32 Because IgA production is partially independent of T cells 33 and CD40-CD40L engagement, other costimulatory signals for -CSR in B cells have been sought. Two members of the tumor necrosis factor (TNF) family -BAFF (B-cell activating factor of the TNF family, also known as BLyS (B-lymphocyte stimulator) in humans) and APRIL (A proliferation-inducing ligand) -have been shown to stimulate CSR to IgG and IgA in both human 34 and mouse 35 B cells. Monocytes and dendritic cells express BAFF, whereas APRIL is expressed by monocytes, macrophages, dendritic cells, and activated T cells. 36 Recently, He et al. 37 showed that in response to Toll-like receptor stimulation, is preceded by the production of an germline transcript (not shown), which is formed following transcription through the initiation (I) exon, the intronic switch (S) region, and the C exons. Transcription is initiated from cytokine-inducible promoters upstream of the I exon. Processing of this primary transcript generates the germline transcript and a spliced out S-region transcript. The spliced out Sregion stably associates with the template DNA strand of the S-region, forming a stable RNA -DNA hybrid. The displaced G-rich single-stranded DNA is thought to be the substrate for the enzyme activation-induced cytidine deaminase (AID). DNA double-strand breaks at the S-region and DNA repair result in joining of the S and S regions yielding the rearranged IgA heavy chain constant region and the excised intervening DNA, depicted as a DNA switch circle, which represents a short-lasting sign of local CSR. E upstream of the S region indicates the intronic enhancer. Gene elements depicted are not to scale.
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human colonic epithelial cells also secrete BAFF and APRIL, which could lead to local switching to IgA within the human colon. B cells express all three receptors (BAFF-R, BCMA (B-cell maturation antigen), and TACI (transmembrane activator and CAML interactor)) for these cytokines ( Figure 2 ). While APRIL binds only BCMA and TACI, BAFF can interact with all three receptors. However, APRIL, but not BAFF, can also bind to proteoglycans, such as syndecan, thereby providing an APRILspecific binding partner. 38 The function of these interactions has been investigated with mouse strains having selective deficiencies. BAFF and BAFF-R knockout (KO) mice cannot be used to investigate the requirements of IgA induction because they are deficient in B cells. 39 TACI KO mice have low IgA and show poor immune responses to repetitive (type 2) T-independent antigens. 40 In humans, mutations in the gene encoding TACI have been found in both common variable immunodeficient and IgA-deficient individuals. 41, 42 In regard to APRIL, two APRIL-deficient mouse strains have been independently generated and they display either normal serum IgA levels 43 or a selective decrease of IgA. 44 The latter IgA-low APRIL-deficient mice also show defective IgA responses to mucosal immunization. 44 In vitro , APRIL stimulates murine B cells to undergo CSR to IgG, IgA, and IgE via TACI, whereas TACI-deficient B cells switch to IgG and IgE, but not IgA when stimulated by BAFF. 35 Taken together, APRIL -TACI interactions appear to be necessary for IgA production in vivo , and potentially make CD40-CD40L requirements redundant for IgA CSR.
If both APRIL and BAFF can stimulate CSR to isotypes other than IgA, then why is the IgA class switch so specific for the intestine and other mucosal sites? Intestinal dendritic cells from Peyer ' s patches and mesenteric lymph nodes constitutively secrete retinoic acid, which synergizes with IL-6 and IL-5 to induce IgA production in purified B cells, both in humans and in mice. 45 Retinoic acid secretion alone can also induce the small intestinal homing receptor CCR9 on purified B cells. 45 Thus, the environment of cytokines and dendritic cell phenotype in the intestinal lymphoid tissues is sufficient for the IgA-dominated response that is generated. In addition, intestinal epithelial cells may also influence the switch to IgA by the local secretion of mediators, such as BAFF and APRIL, TGF , and IL-6.
Germ-free mice, lacking the stimulus of the intestinal microbiota to IgA production, have a profound deficiency in IgA production in the intestinal mucosa, but the serum IgA levels are maintained at about half the normal magnitude. 33 This suggests that some serum IgA (possibly mainly natural antibodies) can be produced independently of mucosal IgA. Another experiment that suggests separate circuits of systemic and mucosal IgA production has been carried out with alymphoblastic mice with no mucosal inductive sites other than tiny collections of nasal lymphoid tissue. In this strain, it is possible to reconstitute about half the serum IgA by adoptive transfer of wild-type B cells, but mucosal IgA-producing cells remain absent 46 because the strain also has a defect in generating intestinal homing signals. 47, 48 In addition to Peyer ' s patches, what other sources of IgA + B cells do we have? In mice, both peritoneal B cells of the B1 lineage and marginal zone B cells in the spleen can contribute to IgA production (discussed further in the section Selective epithelial export of locally produced IgA and IgM). Since APRIL deficiency and TGF RII deficiency lead to global lack of IgA, it is likely that these signaling mechanisms are also required for serum IgA production. Indeed, BAFF-transgenic mice show increased IgA switching in the marginal zone. 49 In both purified B1 and marginal zone populations, culture with BAFF, LPS, and TGF stimulates the switch to IgA. The IgA switch is further enhanced in the case of marginal zone populations by the addition of anti-IgD linked to dextran, IL-4, and IL-5, whereas these cytokines do not increase the IgA switch in peritoneal B1 populations. 50 These findings suggest that the requirements for CSR to IgA may be somewhat different at different sites. Whether retinoic acid or extra-intestinal dendritic cells are implicated in this pathway is currently unknown.
IMMUNE GEOGRAPHY OF IgA INDUCTION AND FUNCTION
The above argument suggests that IgA can be induced at different tissue sites and from various subsets of B cells. We shall first discuss the classical pathway in intestinal lymphoid follicles.
The classical IgA + B-cell Odyssey from intestinal lymphoid tissue
The distinct structure and function of IgA in mucosal immunity requires special immune geography to separate the inductive and effector arms so that they can function independently of the remainder of the immune system. The Odyssey of IgA induction and mucosal B-cell circulation is intrinsic to this immune geography, and consists of four stages: IgA induction in mucosal B cells; IgA + plasmablast recirculation and homing to the intestinal mucosa; terminal B-cell differentiation to plasma cells with local IgA production; and export of IgA through the intestinal epithelial cell layer (see Figure 1 in 52 It is now known for both humans and mice that intestinal dendritic cells constitutively secrete retinoic acid, and these program B cells both to undergo CSR to the segment and also express the CCR9 molecule required for homing to the small intestine. 45 Gowans et al . 53 had shown in the 1950s and 1960s that lymphocytes generally home from the bloodstream to lymph nodes and then recirculate via efferent lymph back to the bloodstream at the junction of the thoracic duct and the left subclavian vein. Subsequently, they studied recirculation of IgA + blasts induced in the gut. 54 Using cholera toxin as an intestinal immunogen, they found that lymphoblasts secreting anti-cholera toxin IgA could be isolated from the thoracic duct lymph 16 -19 days later, and that IgA-secreting cells were detected in the intestinal lamina propria from day 17. If two segments of the small intestine were surgically isolated in rats so that one part could be immunized with cholera toxin in isolation, recirculation nevertheless resulted in IgA-secreting cells reaching the lamina propria of an intestinal segment that had never been in contact with the immunogen. 55 This B-cell homing system works through specific signals that identify the endothelial cells of the microvasculature in the intestinal lamina propria. In the systemic immune system, lymphocytes that are destined to leave the bloodstream interact with the vascular endothelium of high endothelial venules by tethering and rolling through interactions between their L -selectin (CD62L) and peripheral lymph node addressins, collectively called PNad. Firm arrest is mediated by chemokine-triggered integrin activation, and extravasation of cells then occurs through interaction of LFA-1 ( L 2 integrin) with the generally expressed endothelial ICAM-1. At mucosal effector sites, vascular adhesion mechanisms differ from the systemic PNAd -CD62L interactions (reviewed in refs. 56,57). Thus, adhesion is mediated mainly by chemokine-triggered integrin activation through 4 7 interacting with the mucosal addressin molecule MAdCAM-1, with some additional effect of L 2 affinity to endothelial ICAM-1. Moreover, tissue-specific expression of chemokine and chemokine receptors on memory / effector cells contributes to their preferential mucosal localization and retention ( Figure 3 ). For example, IgA plasmablasts destined to home to the small intestine express CCR9 that binds to the locally produced ligand CCL25 (TECK), whereas large intestinal IgA plasmablasts express CCR10 and are attracted by the ligand CCL28 (MEC).
Shared expression of adhesion and chemokine receptor pairs explains the fact that IgA lymphocytes induced in one mucosal REVIEW site can populate another site with IgA-secreting cells, which gave rise to the obsolete term " a common mucosal immune system. " However, it is important to be aware of the extensive regionalization and compartmentalization that exist within the mucosal immune system. 18, 58 Thus, in contrast to extravasation events in the intestine, 4 7 and MAdCAM-1 are not important homing molecules in the airways, where CD62L, 4 1 , CCR7, and CCR10 appear to play a more decisive role ( Figure 3 ).
Selective epithelial export of locally produced IgA and IgM
Most IgA + mucosal plasma cells express the J chain and therefore produce dimers and larger polymers of IgA, collectively termed pIgA. 18 The short J-chain polypeptide was identified independently by Koshland and co-workers 59 and Mestecky et al . 60 as an Ig-associated peptide common to SIgA and IgM. J-chain-mediated polymerization provides pIgA with enhanced antigen avidity, a property particularly useful for agglutinating microbes in external secretions. Furthermore, its selective incorporation into pIgA and pentameric IgM is mandatory for their binding to epithelial membrane SC, now best known as the pIgR. 7, 61 This receptor carries its ligands to mucosal surfaces by a vesicular transport process termed transcytosis. Intracellular trafficking of pIgR has been studied in great detail and represents the paradigm for transcytosis across a polarized epithelium. 62 
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The pIgR has an N-terminal extracellular ligand-binding domain, a single membrane-spanning helix, and a 103-aminoacid cytoplasmic C-terminal tail that contains all the information for proper intracellular routing. 62 The extracellular region is comprised of five Ig-like domains (D1 -D5). Solution structure analysis has suggested a bend between D3 and D4, forming a molecule reminiscent of a " J " separated from the transmembrane domain by a flexible region, which also contains the receptor cleavage site. 64 The pIgR is a sacrificial transport receptor in that it is specifically cleaved to release its cargo. For this reason, it is constitutively expressed by mucosal epithelial cells at quite high levels, particularly in the small and large intestine. 65 Furthermore, its expression can be regulated at the transcriptional level by cytokines and other mediators. Although one of us originally suggested that SC represented a transmembrane receptor, 6 this was not formally proven until after the molecular cloning of rabbit pIgR by Mostov et al . 66 in 1984. Its functional expression by transfection into Madin -Darby canine kidney (MDCK) cells as a transcytotic receptor for pIgA was demonstrated only 2 years later. 67 The human pIgR was subsequently cloned, 68 and similar transfection and transcytosis experiments have been made with this receptor. 65 The pIgR is synthesized in the endoplasmic reticulum of secretory epithelial cells and delivered via the trans -Golgi network directly to the basolateral membrane. Here, it is available to bind J-chain-containing pIgA and pentameric IgM produced by lamina propria plasma cells. 18 Binding is initiated by interactions between D1 of the receptor and the Ig Fc portion, and for IgA this non-covalent complexing is subsequently stabilized by covalent linking between D5 and C 2. 61 Receptor-mediated endocytosis of the ligand -pIgR complex, and also the unoccupied receptor, occurs by clathrin-mediated endocytosis. While some recycling back to the basolateral membrane occurs, the bulk of the receptor is ferried to the common endosome where cargo destined for transcytosis is segregated from cargo destined for basolateral recycling (such as the transferrin receptor).
The ligand -pIgR complex is next delivered to the apical recycling endosome and released to the intestinal lumen after fusion of the apical recycling endosome with the apical plasma membrane and cleavage of the pIgR by a leupeptin-sensitive endoprotease. 69 Thus, cleavage of ligand-bound pIgR gives rise to SIg with bound SC, while cleavage of unoccupied pIgR gives rise to free SC. The covalent coupling of SC provides mucophilic properties and increased stability to SIgA in the harsh intestinal environment. 70, 71 Owing to the lack of covalent stabilization by bound SC, SIgM is not as resistant as SIgA to degradation in the secretions. Despite this, SIgM can provide compensatory mucosal defence in early infancy and selective IgA deficiency. 13 SIgM compensation is less consistent in the airways than in the gut, and this variable apparently contributes to susceptibility of IgA-deficient individuals to infections in the respiratory tract. 72 
The contribution of different tissue sites to IgA induction
As predicted by the classical Cebra paper, 51 induction of mucosal IgA takes place largely in the organized gut-associated lymphoid tissue. For example, in isolated intestinal loops, cholera toxin immunization was ineffective in segments lacking a Peyer ' s patch. 55 Other ways of looking at this effect are to exploit animals in which lymphoid structures are abnormal as a result of genetic manipulation or experimental disruption of the signaling mechanisms operative in secondary lymphoid tissue formation.
Peyer ' s patch organogenesis requires antenatal lymphotoxin (LT) 2 signaling between the CD4 + CD3 − organizer lymphoid cell population and the ICAM -1 + VCAM -1 + mesenchymal cell population around embryonic day e16. 73 Mice deficient for LT , 74 LT , 75 or LT receptor (LT R) lack lymph nodes and Peyer ' s patches, and do not have intestinal IgA production. When LT R signaling is disrupted by administration of the fusion protein of LT R-Ig in utero , the offspring of mice are later still able to produce significant antigen-specific IgA responses following immunization. 76 A more severe defect occurs if both Peyer ' s patches and mesenteric lymph nodes are disrupted by concurrent antenatal administration of LT R-Ig and the TNFR55-Ig fusion proteins against the p55 subunit of the TNF receptor on days e13 and e16; 77 in this case, antigenspecific responses are abrogated, although the total intestinal IgA is not significantly altered.
Peyer ' s patches are not the only gut-associated lymphoid tissue structures containing B lymphocytes in the gut wall; there are additional multiple solitary or isolated lymphoid follicles (ILFs) 78 with a similar cellular composition. Like Peyer ' s patches, ILFs increase in cellularity during recolonization of germ-free mice. 79 These structures also undergo a compensatory increase when Peyer ' s patch and mesenteric lymph node formation is disrupted by antenatal LT R-Ig and TNFR55-Ig fusion protein treatment as described above. IgA induction in the germinal centers of ILFs probably accounts for the relatively normal intestinal IgA content under these conditions. 77 The ILFs can be selectively disrupted by weekly administration of LT R-Ig and TNFR55-Ig in young adult mice; in this case, the number of IgA-producing plasma cells in the intestine remains unaltered, but the response to intestinal immunization with tetanus toxoid is reduced. 77 The conclusions from these studies are that both Peyer ' s patches and ILFs contribute to the generation of IgA-producing plasma cells in the intestinal mucosa. However, the absence of such plasma cells in mice with a genetic defect of LT signaling does not preclude extra-intestinal sites of IgA induction. Lymphoid tissue chemokines and adhesion molecules are reduced within the lamina propria of these mice, but their intestinal IgA deficiency can be partially reversed in a segment of transplanted RAG − / − intestine. 48 Notably, in mice, both peritoneal B1 lymphocytes and splenic marginal zone B cells can contribute to IgA.
In embryonic and early neonatal life, B cells of mice are derived from the fetal liver, but lymphopoiesis is taken over by the bone marrow (B2 lymphocytes) and cells in the pleuroperitoneal cavities (B1 lymphocytes) after birth. 80 B1 and B2 cells carry different B-cell receptor repertoires, 81 can be distinguished by their surface markers, and apparently represent separate line-ages. 82, 83 Although there is no surface expression of IgA in REVIEW peritoneal B-cell populations, experiments in which radiation chimeras have been made with allotypic markers to distinguish the IgA derived from B1 and B2 cells indicate that up to 50 % of intestinal IgA (mostly T-independent) is B1-derived. 33, 84, 85 In a different experimental system, intestinal IgA in MHC class II-deficient animals has been studied. Here, the levels of intestinal IgA were relatively normal, despite the T-cell deficiency and the absence of cognate B -T interactions; however, when the MHCII − / − strain also carried the xid mutation resulting in B-cell deficiency, IgA was severely reduced. This is still a controversial area; experiments with antibody depletion followed by transfer of allotypically distinguishable peritoneal cells showed only little contribution of B1 cells to intestinal IgA, 86 although residual recipient B1 cells in this system might have led to an underestimation. It is striking that both B1-and B2-derived IgA B-cell receptor repertoires are quite oligoclonal, without evidence of sequential acquisition of somatic mutations that would be expected in a conventional germinal center response. Both lineages may therefore function to generate a rather primitive B-cell response, probably as a high-capacity, low-affinity system directed against commensal bacterial surface epitopes. 87 In general, these transfer or strain combination experiments leave uncertainty about the actual sites of CSR outside of gutassociated lymphoid tissue in vivo . A direct approach is hampered because the putative sites for CSR have only a few IgA + B cells and because the nested PCR that detects the nascent transcripts from the circular DNA looped out between the switch regions on the Ig heavy-chain locus 20 is a very demanding assay. Evidence for 37, 88 and against 22, 89 lamina propria CSR has been presented, and in the CD40-deficient strain, direct evidence of CSR was also not found in ILFs. 22 B cells with B1 surface characteristics can be seen in Peyer ' s patches of TGF RII − / − mice, 26 and there is some indirect evidence that B1 CSR may occur in the mesenteric lymph nodes. 90 Nevertheless, we still need much better information about the sites and mechanisms of alternative IgA CSR pathways.
FUNCTION OF IgA IN DIFFERENT SYSTEMS Non-pathogens
The lower intestine is inhabited by a dense commensal microbiota consisting of organisms that are not normally pathogenic for the host. Their numbers are prodigious: in humans, it is estimated that the number of intestinal bacteria (10 14 ) outstrips the number of human cells in the body (10 13 ) by an order of magnitude. The density of bacteria in the intestinal lumen (10 12 g − 1 ) is far higher than other microbial consortia found in soils, oceans, and other global subsurfaces ( < 10 8 ). As the best of good culture media, the human gut has to be highly adapted to the presence of these organisms and their potentially immunostimulatory molecules.
IgA is highly induced in the gut only in animals containing intestinal microbes; in those kept in a germ-free state, the number of intestinal IgA-producing plasma cells is 1 -2 orders of magnitude lower. From this fact, teleology would suggest that IgA functions to protect the host. Although this can be shown in some cases for pathogens, the functional impact of SIgA is not easy to demonstrate for commensals, although they are probably responsible for most IgA induction. The reason is that 200 million years of mammalian evolution have endowed us with a mucosal immune system with a series of redundant protective mechanisms that allow us a mutual existence with our microbiota. 91 These mechanisms are very diverse and involve systemic and mucosal immunity, epithelial biology, and metabolic mechanisms. In particular, IgA deficiency can be compensated in mouse and human by increased export of SIgM, which is also handled by the pIgR (see the section Selective epithelial export of locally produced IgA and IgM).
Two laboratories have made KO mice deficient for pIgR. 92, 93 In both cases, there is a failure of SIgA and SIgM export into the intestinal lumen and highly increased concentrations of serum IgA. Serum IgG is also elevated and there is increased mucosal penetration of commensal bacteria and intensified priming of systemic antibody responses against these organisms. 92, 94 Macpherson and Uhr 52 showed that secretion of intestinal IgA limited penetration of test doses of intestinal commensals to the mesenteric lymph nodes. Johansen et al . 92 also looked at the functional consequences of a system lacking SIg, and found serum protein loss into the intestinal lumen, pathognomonic of low-grade enteropathy. These results imply reduced mucosal protection against the commensal microbiota in the absence of secretory antibodies.
The SIgA protection mechanism is far less clear. Dimeric IgA has an abnormally large hydraulic diameter in relation to its molecular weight because of the combination of two Ig molecules; 95 this may limit low-level penetration of IgA-coated microbes through the surface epithelium, or decrease the effective paracellular permeability of bound bacterial breakdown components. Furthermore, glycosylation of both IgA and the bound SC in SIgA may contribute to trapping of SIgA-bound antigen in the mucus. 70, 71 A model for this is sperm penetration in cervical mucus; sperms coated with IgA show reduced motility and this effect is reversed by IgA1-specific protease. 96 If microbes succeed in reaching and penetrating the surface epithelium, the SIgA export mechanism can act as a clearance system from the basolateral surface back to the lumen. Receptormediated epithelial IgA transport per se is clearly important in limiting epithelial viral infections in cell monolayers infected with Sendai 97 and in vivo during rotavirus infection. 17 In vivo measurements to assess the commensal penetration across the intestinal epithelium are currently mostly indirect and rely on bacterial cultivation from mesenteric lymph nodes. Results in adult wild-type mice and pIgR KO mice are described above. In neonatal mice, lack of maternal antibody in milk leads to premature induction of the pups ' own mucosal IgA from post-natal day 16 rather than after weaning at day 21. 98 This results from stimulation by the commensal intestinal microbiota, because such early endogenous IgA induction in the pups does not occur under germ-free conditions. 99 In challenge experiments in the pups, fixing the IgA specificity to nitrophenol with the quasimonoclonal mouse strain did not affect the ability of SIgA to limit penetration of the commensal Enterobacter cloacae. 99 
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In other words, low antibody affinities to redundant surface epitopes of bacteria, or binding of IgA through bacterial lectin-mediated mechanisms, can probably be sufficient for the reinforced barrier effect of SIgA.
The simplistic notion of an immunological ' fly-paper ' mechanism on the luminal side of the epithelium could also be valid, as SIgA may increase the barrier by stabilizing a biofilm layer of bacteria. For example, binding of purified salivary mucin to Pseudomonas aeruginosa and Staphylococcus aureus depends on SIgA because the binding disappears when SIgA is removed, but can be reconstituted when it is reintroduced. 100 Moreover, formation of bacterial biofilms in culture on glutaraldehydefixed CaCo 2 cells can be promoted by SIgA and mucin, and remain stable despite repetitive replacement of the medium. 101 Formation of biofilms dependent on pili expression has also been shown to be SIgA-dependent. 102 Paradoxically, the protective mechanisms argued to apply at the level of the surface epithelium may work in the opposite direction in the M cells of the gut-associated lymphoid tissue. Here uptake of SIgA, complexed with its antigen, can increase the sampling of intestinal bacteria. 103 
Microbial pathogens
The functional results of experiments with pathogens at mucosal surfaces have also shown a role for SIgA protection. Because of its remarkable immunostimulatory properties, cholera toxin has been used as a potent mucosal adjuvant. 104 -106 However, its toxicity prohibits application in its native form in humans. Injection of a test dose of cholera toxin into ligated intestinal loops causes great accumulation of fluid, and prior mucosal immunization can generate toxin-neutralizing SIgA antibody in vivo . 107 Unlike SIgA protection against the commensal microflora, this does require the conventional mechanisms of T-cell help for a germinal center response, presumably to raise the antibody affinity to satisfactory functional levels, as well as active pIgRmediated epithelial transport. 14,29,108 -110 Orally immunized J-chain and pIgR KO mice are as susceptible to cholera toxin as naive mice. 111 In the naive state, mice lacking secretory antibodies are more susceptible to infection with Salmonella typhimurium than wild-type animals. 112 Thus, natural SIgA antibodies inhibited early invasion and horizontal fecal-oral spread of this pathogen.
Influenza infection in mice is also abrogated by SIgA-neutralizing antibodies to the virus. Adoptive transfer of doses of antibodies from immune animals of different isotypes matched to those in convalescent serum shows that SIgA prevents pathology in the upper respiratory tract whereas IgG prevents pathology in the peripheral lung parenchyma. 113 Similarly, where mice have been immunized with the H1N1 vaccine and challenged 4 -5 weeks later with 10 3 PFU of the A / PR / 8 / 34 strain intranasally, IgA-deficient mice showed increased lethality, which could be abrogated if the immunization was accompanied by the addition of IL-12. 114 In this system, SIgA was one of a number of protective mechanisms, and IL-12 was shown to correct the poor T-cell proliferative responses to phytohemoagglutinin and memory recall responses to H1N1 in IgAKo animals. Not surprisingly, selective IgA deficiency in an otherwise unmanipulated animal does not significantly alter the outcome of influenza infection in experiments based on a strong adjuvant. 115 However, cross-protection against antigenically distinct, but related A-type strains of influenza virus was abrogated in pIgR KO mice, suggesting a protecting role of crossreactive SIgA antibodies. 116 In experimental murine rotavirus infection, clearance of virus correlated well with production of mucosal and serum IgA, 117, 118 and specific IgA was induced even in T-cell-deficient animals. 119 Although B cells were required to protect mice from experimental re-infection with virus, 120, 121 experiments with the IgA KO strain showed that SIgA is potentially redundant for the protective effect. 122 Interestingly, although from observations that J chain KO mice showed delayed clearance of rotavirus and failure of immunization 123 one would expect that SIgM should compensate for IgA in the IgAKo strain, it appeared to be IgG rather than IgM that provided protection with both serum and fecal antibodies. 122 This picture of IgA occasionally having a redundant role in pathogen protection at mucosal surfaces with compensation by antibodies of other isotypes, or by innate immune mechanisms, is a general one. For example, experimental vaginal infection with HSV2 in IgA KO mice appears not to be different from that in wild-type strains, 124, 125 and IgA is also not essential for genital tract chlamydia immunity in mice. 126 Nevertheless, clearance of intestinal Giardia muris infection was abrogated in IgA KO, pIgR KO, and J chain KO mice, indicating an important role for SIgA in expulsion of this lumen-dwelling parasite. 127 
EPILOGUE
IgA is an appropriate subject of a review in the first issue of this journal because its history reaches back to the start of mucosal immunology, and its immune geography is inextricable from the distinct nature of the mucosal immune system. Indeed, the 1st International Congress of Mucosal Immunology, held in Birmingham (AL, USA) in 1973, was called a symposium on the immunoglobulin A system (organized by Frederick W. Kraus, Jiri Mestecky, and Alexander R. Lawton). Yet compared with the dominance of IgA in total body Ig production, relatively little is known about its function, and especially its role in hostmicrobial mutualism remains elusive. This is a paradigm for mucosal immunology: a major part of immunity that is relatively understudied and where more information is badly needed. The new journal aims to be a valuable vehicle to stimulate and disseminate the results of such studies.
